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Abstract

In this paper we propose a program dependence model
for concurrent logic programs. We present three types of
primary program dependences named the sharing depen-
dence, communication dependence, and unification de-
pendence between arguments in a concurrent logic pro-
gram. We formally define these primary program depen-
dences based on mode information. We further present
a dependence-based representation named the argument
dependence net (ADN), which explicitly represents all
primary program dependences between arguments in a
concurrent logic program. We also discuss some apple-
cations of the ADN for developing software engineering
tools of concurrent logic programs. Finally, we briefly
troduce a program analysis system called CLPKIDS for
concurrent logic programs, which is a prototype imple-
mentation of the techniques introduced wn this paper.

1 Introduction

Program analysis tools are one of basic components
for any programming environments. Proper program
analysis tools can help programmers develop high qual-
ity softwares and save their much time on analyzing and
maintaining softwares. However, on the other hand, if
lack of program analysis tools, programmers may prob-
ably produce low quality softwares and have to spend
much time on maintaining such softwares. It has been
pointed out that logic programming languages, although
have a strong theoretical basis for program analysis than
many of other kinds of programming languages, research
on logic programming environments is still not satisfied
in comparison with the needs [7].

Program dependences are dependence relationships
holding between statements in a program that are deter-
mined by control flows and data flows in the program.
Many compiler optimizations depend on program de-
pendence analysis, which is typically represented in the
form of a program dependence graph (PDG) [8]. The
PDG, although originally proposed for compiler opti-
mizations, has been applied to various software engi-

neering activities including program slicing, debugging,
testing, maintenance, and complexity measurements for
imperative programs [4, 12, 14, 22]. For example, pro-
gram slicing, a decomposition technique that extracts
from program statements related to a particular com-
putation, is greatly benefit from it where slicing prob-
lem can be reduced to a vertex reachability problem [12]
that is much simpler than its original algorithm [19].

Program dependence analysis has also been studied
in logic programming community. For sequential logic
programs, program dependence information has been
used for compile-time optimization of backtracking and
parallelization [3], prediction of the run-time goal inde-
pendence which can eliminate costly run-time checks in
AND-parallel execution, and computation of the space
complexity in the cost analysis [6]. For concurrent logic
programs, program dependence information has been
used for sequentialization of concurrent logic programs
for more efficient multiprocessor executions [10, 11], and
direction of the execution of AKL programs dynami-
cally to improve the parallel execution [1]. However,
most of work on program dependence analysis of logic
programs aims at generating efficient codes, rather than
developing program analysis tools to help programmers
understand, debug, test, and maintain programs from a
software engineering viewpoint. To our knowledge, lit-
tle research has investigated the problem of using pro-
gram dependence information to develop program anal-
ysis tools for logic programs. Gyimothy and Paakki
[9] used program dependence graphs to slice sequential
logic programs, especially Prolog programs. Schoenig
and Ducasse [16] also use program dependence infor-
mation to compute backward slices of Prolog programs.
Pereira [13] used the term dependence information to
dynamically improve the efficiency of algorithmic de-
bugging of sequential logic programs. Zhao et al. [20]
used a dependence graph-based approach to slicing con-
current logic programs.

Since program dependence analysis and a dependence
-based representation are very useful in developing soft-
ware engineering tools for imperative programs, using



program dependence information and a dependence-
based representation to develop program analysis tools
for concurrent logic program is reasonable. However,
the existing definitions of program dependences in con-
current logic programs only considered the dependence
relationships between literals (atoms)[1, 10, 11], and
therefore have some problems when they are applied to
develop software engineering tools:

First, the definition of program dependences is too
ambiguous for understanding the total behavior of a con-
current logic program.

To perform program dependence analysis on concur-
rent logic program, two main features of concurrent logic
program must be considered, that is: wnterprocess syn-
chronization and communication consisting in suspend-
ing matching and shared variables between two literals
in a clause, and don’t care non-determainism consisting in
guarded clauses with a commit operator. Existing tech-
niques on program dependence analysis of concurrent
logic programs [1, 10, 11] can handle neither of these
features well. This is probably because that the aim
of such research is originally motivated from problems
such as how to efficiently implement and optimize codes
of concurrent logic programs. As a result, it is unneces-
sary to distinguish different program dependence types.
However, when we intend to develop program analysis
tools by using program dependence information, proper
distinction of program dependence types can often help
us understand programs better. For example, highlight-
ing program dependences concerning interprocess com-
IIluIllCB.thIlb may greatly help us understand the con-
currency features of a concurrent logic program, and
therefore can aid us to detect some communication er-
rors such as deadlocks and to measure the complexity
of concurrency of a concurrent logic program.

Second, the definition of program dependences is too
coarse for developing program analysis tools from a soft-
ware engineering viewpoint.

The definition of program dependences for councur-
rent logic programs originally arose from the question
of how to sequentialize a concurrent logic program into
threads in order to efficient implementation of a con-
current logic programming language [10, 11]. For this
purpose, program dependences between arguments are
auxiliary, and only program dependences between liter-
als are left. As a result, one can not determine which
argument at one point of interest might affect another
argument at another point of interest. Moreover, recent
work has shown that program dependence information
between arguments should be a basic requirement for
slicing and debugging logic programs [13, 9, 16] since
more precise slices could be computed by such informa-
tiomn.

In order to solve these problems, we propose a new
program dependence model for concurrent logic pro-
grams. We present three types of primary program
dependences named the sharing dependence, communi-
cation dependence, and unification dependence between
arguments in a concurrent logic program. Sharing de-
pendernces are used to represent the data flows in a single
clause due to shared variables. Communication depen-
dences reflect the data flows in a single clause due to
interprocess communications. Unification dependences
reflects the data flows between different clauses in a con-
current logic program. We formally define these pri-
mary program dependences based on mode information.
We further present a dependence-based representation
named the argument dependence net (ADN), which ex-

plicitly represents all primary program dependences be-
tween arguments in a concurrent logic program. We also
discuss some applications of the ADN for developing
software engineering tools of concurrent logic programs.
Finally, we briefly introduce a program analysis system
called CLPKIDS for concurrent logic programs, which is a
prototype implementation of the techniques introduced
in this paper.

The rest of the paper is organized as follows. Section
2 gives the preliminaries which are used in the following
sections. Section 3 defines three types of primary pro-
gram dependences in a concurrent logic program and
presents a program represeuntation named the argument
dependence net for concurrent logic programs. Section 4
describes some applications of the argument dependence
net. Section 5 briefly discusses some implementation is-
sues of our program analysis system that supports the
development of software engineering tools for concurrent
logic programs, and conclusions are given in Section 6.

2 Preliminaries

We assume that readers are familiar with the basic
concepts of logic programs, and in this paper, we will
use KL1 [18], a concurrent logic programming language
based on Guarded Horn Clauses (GHC), as our target
language. This language illustrates the basic mecha-
nisms of concurrent logic programming.

A term is a variable, a constant, or a compound term
f(ty,...,t,) where f is an n-ary function symbol and
the t; are terms, 1 < 7 < n. An atom is of the form
p(t1,. .., tn), where p is an n-ary predicate symbol and
the ¢; are terms called arguments, 1 < ¢ < n. A literal is
either an atomn or the negation of an atom. The number
of arguments of a literal is called its arity.

A guarded clause is a formula of the form: H
i— G1,G,...,Gy|B1, Bay .o, By .(tnyn > 0), where
H, B, B,,....B,, are literals, and G;,Gs,...,G, are
guard test predicates. H is called the head of the clause,
G1,Gy, ..., G, are called the guard of the clause, and
Bq, B, ..., By, are called the body of the clause, respec-
tively. “:—7, read ¢f, denotes implication, and “|” is
called the commat operator. If the guard is empty the
clause is written as: H :— By, B-, ... Bm and the com-
mit operator is omitted. If the bodv is empty and the
guard is not empty, the clause is written as: H :—
G1,G3, ..., Gy | true. If both the guard and the body
are empty the clause is called an wnit clause, and is
written simply as: H. A clause whose body includes
exactly one goal is called an iterative clause. A clause
with only negative literals is referred to as a goal. A
procedure is a set of clauses each of which has the same
predicate name and arity. A KL1 program is a finite
set of guarded clauses.

Figure 1 shows a sample KL1 program called STACK
which implements a stack function. The stream of the
first argument of procedure stack receives the list of
the stack commands, and the stream of the second ar-
gument outputs the results. The stack is maintained in
the stream of the third argument. The possible input
commands are: push(D) pushes the value of D into the
top of the stack; pop gets the value from the top of the
stack and outputs it; pop(N) gets N values from the top
of the stack and outputs them as a list with the length
N; reverse (N) gets N values from the top of the stack
and outputs them as a reverse list with the length N

In order to formally define primary program depen-
dences between arguments in a concurrent logic pro-




Cl: stack ([push(D) |I]1,0,8) :-
stack(I,0, [D|S]).

c2: stack ([pop|I],0,S) :-
O=[A|NO],
pop (A, S,NS),
stack (I,NO,NS) .

C3: stack ([pop (N) [I],0,8) :-
O=[L|NO],
pop(N,L,S,NS),
stack (I,NO,NS) .

C4: stack ([reverse(N) [I],0,S) :-
O=[L|NO],
rev:rev(R,L),
pop(N,R,S,NS),
stack (I,NO,NS) .

C5: stack([],0,_) :-

C6: pop (A, [X|S],NS) :-

A=answer (X) ,
NS=S.

C7: pop (A, [1,NS) :-
A=empty,
NS=1[].

c8: pop(N,L,S,08) :-
N>O|
L=[X|NL],
pop (X, S,NS),
NN=N-1,
pop (NN, NL, NS, 0S) .

9 pop (0,L,S,08)
L
0]

’

Figure 1: A sample KL1 program.

gram, we distinguish each argument, literal, and clause
of the program. We assume that the clauses of a concur-
rent logic program are denoted by C7,Cy,...,C,,. The
literals (including the guard test predicate) of a clause
are numbered from left to right, such that the head is
numbered by 0, the guard test predicate or the first body
literal (if the guard is empty) is numbered by 1, and so
on. The arguments of a literal are numbered from left
to right by 1, 2, ....

To refer to an argument in a concurrent logic pro-
gram, we use a method proposed by Boye et al. [2]
which gives each argument of the program an unique la-
bel. If C; is a clause, the position of the k" argument of
the 5! literal is uniquely defined in the program by the
tuple (Ci,j,p, k) such that p is the predicate name of
the j* literal of C;. Such a tuple is called an argument
position.

3 Program Dependences in Concurrent
Logic Programs and Their Represen-
tation

Program dependences are dependence relationships
holding between program elements in a program that
are determined by the control flows and data flows in

the program. Informally, if the computation of a pro-
gram element directly or indirectly affects the computa-
tion of another program element, there might exist some
program dependence between the elements.

Although program dependences are useful for com-
piler optimizations and development of software engi-
neering tools for imperative programs, most of the work
on program dependence analysis for logic programs still
aims at generating efficient codes, rather than develop-
ing software engineering tools.

In this section, we propose a new program depen-
dence model for concurrent logic programs. We present
three types of primary program dependences named
sharing dependence, commumnication dependence, and
unefication dependence between arguments in a concur-
rent logic program and a dependence-based representa-
tion named the argument dependence net (ADN), which
explicitly represents the three types of primary program
dependences in the program. As we will show in Sec-
tion 4, an ADN can be used as an underlying model
to develop program analysis tools for concurrent logic
programs.

3.1 Primary Program Dependences

In a concurrent logic program, data can be trans-
ferred in two ways: either within a clause between
two arguments sharing a common variable, or from one
clause to another via unification. If we know the mode
information of arguments in the program, we can fur-
ther determine the direction that data is transferred, it
means that we can determine data flows in the program.
To represent such information in a concurrent logic
program, we introduce two types of primary program
dependences named sharing dependence which reflects
data flows in a single clause due to sharing variables, and
communication dependence which reflects data flowsin a
single clause due to interprocess communications. More-
over, according to the direction which data is transferred
and the mode information of the arguments in a clause,
we can further divide the sharing dependences into two
categories: backward-sharing dependence which reflects
the data-flow in a single clause from an argument of a
head literal to an argument of a guard test predicate or
a body literal, and forward-sharing dependence which
reflects the data-flow in a single clause from an argu-
ment of a guard test predicate or a body literal to an
argument of a head literal. In the following we give
the formal definitions of these primary program depen-
dences.

We assume that the mode information of each argu-
ment position in a concurrent logic program has been
inferred by the algorithm proposed by Krishna Rao et
al., and has the type, in or out [15]. We use M(a) to
represent the mode of an argument o and I'(«) to repre-
sent the set of all variables which appear in an argument
« of the program.

3.1.1 Sharing Dependences

Definition 3.1 (Backward-Sharing Dependence) Let P
be a concurrent logic program and w,v be two literals of
P such that u is a body literal (or a guard test predicate)
and v 1s a head literal of a clause C of P. Let « and
o' be two argument positions such that o = (C, j,u, k)
(j 2 1) and o/ = (C,0,0,k"). « is backward sharing-
dependent on o iff all of the following conditions hold:



(1) T{a)NT(a') # ¢, i.e., there is at least one variable
shared by o and o', and (2) M(«) = M(a') = in.

Example. Considering the clause C'8 of the pro-
gram shown in Figure 1. Let a = (C8,0,pop,3)
represent the third argument “S” of the head lit-
eral pop(N,L,S,08) and o = (C8,3,pop,2) represent
the second argument “S” of the second body literal
pop(X,S,NS) of the clause, and a and o' are all in-
put argument positions, i.e., M(a) = M(a') = in. «
is backward sharing-dependent on o’ since there is a
shared variable S between « and «o’.

Definition 3.2 (Forward-Sharing Dependence) Let P
be a concurrent logic program and u,v be two literals of
P such that u is a head hiteral and v is a body literal (or
a guard test predicate). Let o and o' be two argument
positions such that o = (C,0,u, k) and o/ = (C,j,v, k')
(j = 1). «a is forward sharing-dependent on o’ iff all
of the following conditions hold: (1) T(a) NT(a') # &,
1.e., there is at least one variable shared by o« and o,

(2) M(a) = M(a') = out.

Example. Considering the clause C'8 of the pro-
gram shown in Figure 1. Let a = (C8,0,pop,4)
represent the fourth argument “08” of the head lit-
eral pop(N,L,S,08) and o = (C8,5,pop,4) represent
the fourth argument “0S” of the fourth body literal
pop(NN,NL,NS,08) of the clause, and o and o’ are all
output argument positions, i.e., M(a) = M(o') = out.
« is forward sharing-dependent on « since there is a
shared variable 0S between o and o’.

3.1.2 Communication Dependences

Notice that in addition to a shared variable between two
arguments in the clause, our definition of a sharing de-
pendence in a single clause also requires that one of the
arguments belongs to the head literal and the other be-
longs to the body literal. As a result, our definition ex-
cludes the case that two arguments, which belong to two
body literals, share a common variable. We introduce a
new type of primary program dependences named com-
maunication dependence to represent this case. The com-
munication dependence also reflects the data flow in a
single clause, and more importantly, reflect the fact of
interprocess communications between two body literals.

Definition 3.3 (Communication Dependence) Let P be
a concurrent logic program and w,v be two body lit-
erals of a clause C of P. Let « and o be two ar-
gument positions such that « = (C,j,u, k) (j > 1)
and o = (C,j',v, k") (7 > 1). « is communication-
dependent on o iff all of the following conditions hold:
(1) T{a)NT(a') # ¢, i.e., there is at least one variable
shared by o and o', (2) M(«) = out and M(a') = in,
and (3) for any argument position o of a head literal,
there exists no sharing dependence between o' and «,
and also between o' and o .

Intuitively, a communication dependence exists be-
tween two arguments belonging to two body literals in a
clause that share a common variable such that the vari-
able does not appear in any head literals of the clause.

Example. Considering the clause C'8 of the pro-
gram shown in Figure 1. Let a = (C8,5,pop,3) rep-
resent the third argument “NS” of the fourth body

literal pop (NN,NL,NS,0S) of the clause, and o' =
(C8,3, pop, 3) represent the third argument “NS” of the
second body literal pop(X,S,NS), and « is an output ar-
gument position, i.e., M(«a) = out and o’ is an input ar-
gument position, i.e., M{(a') = in. « is communication-
dependent on o since there is a shared variable 0S be-
tween o and o’ and the variable NS does not appear in
the head literal pop(N,L,S,08) of the clause.

3.1.3 TUnification Dependences

Data as we mentioned above, can be transferred not only
in a single clause but also between different clauses via
unifications in a concurrent logic programs. The third
type of primary program dependence named wunifica-
teon dependence are therefore introduced to capture such
kind of information and reflect the data flow hetween
arguments in different clauses in a concurrent logic pro-
gram. Similar to sharing dependences, according to the
direction which data is transferred and the mode infor-
mation of the arguments between two clauses, we also
divide the unification dependences into two categories:
one which is called backward-unification dependence to
reflect the data-flow from an input argument position of
a head literal of a clause to an input argument position
of a body literal of another clause, and the other which
is called forward-unification dependence to reflect the
data-flow from an output argument position of a body
literal of a clause to an output argument position of a
head literal of another clause.

Definition 3.4 (Backward-Unification Dependence)

Let P be a concurrent logic program and w,v be two
literals of clause C' of P such that u is a head literal
and v is a body literal. Let o and o' be two argument
positions such that o = (C,0,p, k) and o' = (C', j,p, k)
(j > 1). a is backward unification-dependent on o' iff
all of the following conditions hold: (1) The unification
of w and v does not fail, and (2) M(a) = M(a') = in.

Example. Considering the two clauses C'4 and
C8 of the program shown in Figure 1. Let o =
(C8,0,pop,3) represent the third argument “S” of
the head literal pop(N,L,S,NS) of C8 and o =
(C4,3,pop,3) represent the third argument “S” of the
third body literal pop(N,R,S,0S) of C'4, and a and
o' are two input argument positions, i.e., M(a) =
M(«/) = in. « is backward unification-dependent
on o since there exists a possible unification of the
fourth literal pop(N,R,S,NS) of C'4 and the head lit-
eral pop(N,L,S,0S) of C8.

Definition 3.5 (Forward-Unification Dependence) Let
P be a concurrent logic program and w,v be two literals
of clause C' of P such that u s a body literal and v is
a head literal. Let o and o be two argument positions
such that o« = (C, j,p, k) (j > 1) and o/ = (C',0,p, k).
o 1s forward unification-dependent on o’ iff all of the
following conditions hold: (1) The unification of w and
v does not fail, and (2) M(a) = M(a') = out.

Example. Considering the two clauses C'4 and
C8 of the program shown in Figure 1. Let a =
(C4,3,pop, 2) represent the second argument “R” of the
third body literal pop(N,R,,S,NS) of C4 and o' =
(C8,0,pop,2) represent the second argument “L” of
the head literal pop(N,L,S,08) of C8, and a and



o/ are two output argument positions, i.e., M(a) =
M(a/) = out. « is forward unification-dependent
on o since there exists a possible unification of the
fourth literal pop(N,R,S,NS) of C'4 and the head lit-
eral pop(N,L,S,08) of C8.

3.2 The Argument Dependence Net

Program dependence representations such as the pro-
gram dependence graph (PDG) [12] for sequential im-
perative programs, have many applications in software
engineering activities for imperative programs since one
can use such representation to explicitly represent vari-
ous primary program dependences in the programs. In
order to use program dependences to develop software
engineering tools for concurrent logic programs, here we
present a similar representation for concurrent logic pro-
grams. The representation is named the argument de-
pendence net which is an arc-classified digraph to rep-
resent all primary program dependences in a concurrent
logic program. Roughly speaking, the argument depen-
dence net is an extension of the PDG to the case of
concurrent logic programs. The net of a concurrent logic
program consists of vertices and arcs such that each ver-
tex represents an unique argument position and each arc
represents some dependence relationship between argu-
ments in the program.

Definition 3.6 (Argument Dependence Net) The argu-
ment dependence
net (ADN) of a concurrent logic program P is an arc-
classified digraph (Va, Sha,Com,Uni), where Vy is the
set of all arqgument positions of P; Sha is the set of shar-
ing dependence arcs such that any (a,o’) € Sha iff a is
sharing-dependent on o'; Com is the set of communi-
cation dependence arcs such that any (o, o) € Com iff
a is communication-dependent on o' ; Uni is the set of
unification dependence arcs such that any (a,a’) € Uni
iff a 1s unification-dependent on o .

Example. Figure 2 shows the ADN of the program
in Figure 1. Because of the limitation of space, we only
show a partial ADN of the program which is related to
the fourth clause C'4 of the program. The rest part of
the ADN of the program can be drawn easily and is
omitted in the figure. Moreover, we use thin solid arcs
to represent sharing dependences, thick dashed arcs to
represent communication dependences, and thin dashed
arcs to represent unification dependences.

3.3 Building ADNs

In this section we show a concrete algorithm for
building an ADN of a concurrent logic program. The
algorithm is based on the condition that mode in-
formation of the program has been already known.
The algorithm cousists of three parts, an algorithm
Sha_Com_Dependence for building a subnet of the
ADN concerning sharing and communication depen-
dences in a clause of the program, an algorithm
Uni_Dependence for building a subnet of the ADN con-
cerning unification dependences between clauses of the
program, and an algorithm for building the complete
ADN by using algorithms Sha_-Com_Dependence and
Uni_Dependence.

We now give
the first algorithm Sha_Com_Dependence in Fig.3. As
input the algorithm gets an output position «, and as

output the algorithm returns a selected input position
for each variable v appearing in .

Then, we give the algorithm Uni_Dependence in
Fig.3. As input the algorithm gets an input position
a. As output the algorithm returns those output posi-
tions from which there is an arc to « in the subnet of
the ADN.

Finally, we give the algorithm ADN_Builder in
Fig.4 to build the complete ADN of a concur-
rent logic program. As input the algorithm gets
an input position, and as output the algorithm re-
turns an indicator ok to show the success of the
construction. ADN _Builder calls the algorithms
Sha_Com_Dependence and Uni_Dependence as sub-
programs for selecting the set S7 of local candidate input
position for «, and for collecting the whole clause unifi-
cation information Sy for all the input positions in S,
respectively.

4 Applications

Having ADN as an explicit representation of program
dependences in a concurrent logic program, we show
some applications based on the ADN of the program.
Obviously, some traditional applications which aim at
generating efficient code for concurrent logic programs
can use the program dependence information analyzed
by our approach. Here, in addition to these applica-
tions, we point out some new applications all based on
the ADN of a concurrent logic program, but handle dif-
ferent problems in a support environment for program
analysis of concurrent logic programs. These applica-
tions include program slicing, understanding and main-
tenance, and complexity measurement. Some of these
applications are based on the ADN of the program di-
rectly, and the others are based on the slices of the pro-
gram.

4.1 Program Slicing and Understanding

The most direct application of ADN is to slice con-
current logic programs since the explicit representation
of various program dependences between arguments in a
concurrent logic program makes the ADN well suitable
for computing slices of the program.

A program slice consists of the parts of a program that
(potentially) affect the values computed at some point
of interest, referred to as a slicing criterion. The parts
of a program which have a direct or indirect effect on the
values computed at a slicing criterion C are called the
program slice with respect to criterion C. The process of
computing program slices is called program slicing.

Weiser [19] first introduced the concept of a pro-
gram slice. He claims that a slice corresponds to the
mental abstractions that people make when they de-
bug a program, and suggests the integration of program
slicers in debugging environments. After that, various
slightly different notions of program slices and a num-
ber of methods to compute slices have been proposed
for imperative programs [17] as well as logic programs
[9, 16]. In the following, we describe some notions of a
static slice of a concurrent logic program. The formal
definition of a static slice of a concurrent logic program
can be found in [20].

A reduced literal of a literal [ in a concurrent logic
program is a literal I that is derived from [ by replacing
zero, or more arguments of [ with anonymous variables.
A static slicing criterion for a concurrent logic program
P is a 2-tuple (I, ), where [ is a literal in P and «a is
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Figure 2: The partial ADN of the program in Figure 1.

an argument position at . A static slice SS,(l,a) of
a concurrent logic program P on a given static slicing
criterion (I, o) consists of all reduced literals in P that
might affect the values of variables in a at I. Notice
that according to the description above a static slice of a
concurrent logic program is only a set of reduced literals
of the program, and therefore it is an unexecutable slice
of the program.

Similarly, we can define a static forward-slicing cri-
terion and a static forward-slice of a concurrent logic
program. A static forward-slice SFS, (1, «) of a concur-
rent logic program P on a given static forward-slicing
criterion (I, ) consists of all reduced literals in P that
may be affected by the values of variables at a in [.
Obviously, a static forward slice of a concurrent logic
program is also unnecessarily executable.

Having ADN as a representation of concurrent logic
programs, we proposed a program dependence-based ap-
proach to slicing concurrent logic program. The main
feature of the approach is to define and compute slices of
a concurrent logic program by using ADN. Once a con-
current logic program is represented by its correspond-
ing ADN, the slicing of the program can be simplified to
a vertex reachability problem in the net and therefore
obtained by a linear time forward or backward traverse
in the net. Here we briefly describe the slicing algorithm.
To compute a static slice or forward-slice, we should re-
fine some notions of a static slice described above based
on the ADN of a concurrent logic program.

e Let P be a concurrent logic program, and N, =
(Va, Sha,Com,Uni) be the ADN of P. A static
slicing criterion for N, 1s an argument position
« € V4. The static slice S5, (o) of N on a given

ADN

static slicing criterion « is a subset of vertices of

"4, 95 (a) C Vy, such that for any o' € Vy,a' €
5SS, (a) if and only if there exists a path from o’
to « in the ADN.

Similarly, we can define a static forward-slice over the
ADN of a concurrent logic program as follows.

e Let P be a concurrent logic program, and N, =
(Va, Sha,Uni,Com) be the ADN of P. The static
forward-slice SFS,,(l,a) of N, on a given static
slicing criterion (I, «) is a subset of vertices of Vj,
SFS, (l,a) C Vyu, such that for any o/ € V4, o' €
SFS, (l,a) if and only if there exists a path from
a’ to a in the ADN.

Notice that in terms of above descriptions, a static
backward or forward slice, which is defined over the
ADN of a concurrent logic program, is a set of vertices
of the ADN. However, since our aim is to obtain a slice
of a program, we should map a vertex in the ADN to
a reduced literal of the program. Since a vertex in the
ADN which represents an argument position of the pro-
gram has already contained the predicate name of the
literal, we can get such mapping quite easily.

e Let P be a concurrent logic program, and N, , =
(Va, Sha,Com,Uni) be the ADN of P. Let S be
a static slice over the N, ., and ¥; be a set of
reduced literals of P, 5 : 5, — X is a function
from S, to Xp such that for any argument posi-
tion a € S, B(a) € T is a reduced literal of P
corresponding to a iff #(a) contains a.



Procedure Sha_Com_Dependence (a, S, ok)

input a: output position

output S: set of pairs (variable v, input position o')
output ok: correctness indicator

begin
$2 &;
ok := true;

Let o = (C, j,q.k);

for each variable v in position « do

o' := input position of C' containing v;
if no o' exists then ok := false; return
else S := S U (v,a') end if;
end for;
end

Procedure Uni_Dependence (a, S)
input «: input position
output S: set of output positions
begin i
Let a = ((J',jv 9, ]”)7

Let [ be the literal in clause C' that contains a;

if ok := 0 then

/* « is an input position of a head literal */
for each body literal [} in a clause D such that [, can unify with [ do
Let o/ = (D,j’, ¢, k) be the argument position

corresponding to {3, in D;
S:=5Ua;
end for;

else (* o is an input position of a body literal */

for eac

1 head literal [}, in a clause D such

) that [ can unify with [, do
Let o/ =(D,0,q,k) be the argument position corresponding to Iy, in D;

S:=SUa;
end for;
end if}

end

Figure 3: The algorithms to compute sharing, communication, and unification dependences.

Having the mapping function [ described above, a
static slice of a concurrent logic program, which is a
set of reduced literals, can be obtained by the mapping
function.

Example. Figure 5 shows the partial ADN of the
program STACK in Figure 1 and a static slice over the
ADN. The slice is represented in shaded vertices in the
net and is computed with respect to the slicing crite-
rion a = (C4,0, stack,3). Figure 5 shows a static slice
of the program STACK in Figure 1 with the slicing cri-
terion (stack([reverse(N)|I],0,5),S) corresponding to
the head literal stack([reverse(N)|I],0,S) of clause
C'4 of the program in Figure 1. The slice is represented
in shaded reduced literals and obtained from the corre-
sponding slice over the ADN in Figure 5 according to
the mapping function described above.

When we attempt to understand the behavior of a
concurrent logic program, we usually want to know
which literals in which clauses might affect a literal of
interest, and which literals in which clauses might be
affected by the execution of a literal of interest in the
program. The slicing and forward-slicing based on the
ADN of a concurrent logic program can satisfy these re-
quirements. On the other hand, One of the problems
in software maintenance is that of the ripple effect, i.e.,
whether a code change in a program will affect the be-
havior of other codes of the program. To maintain a
concurrent logic program, it is necessary to know which
literals in which clauses will be affected by a modified
literal, and which literals in which clauses will affect a
modified literal. The needs can he satisfied by slicing

and forward-slicing the program being maintained.
4.2 Complexity Metrics

Software metrics have many applications in soft-
ware engineering activities including program debug-
ging, testing, analysis, and maintenance, and project
management. One could imagine that once some com-
plexity metrics could be proposed for logic programs,
they should be helpful in the development of logic pro-
grams. Since program dependences are dependence re-
lationships holding between program elements in a pro-
gram that are determined by control flows and data
flows in the program, they can be regarded as one of
intrinsic attributes of programs. Therefore it is reason-
able to take program dependences as one of objects for
measuring program complexity.

In this section, we briefly introduce some complexity
metrics which are based on program dependence rela-
tions to measure the complexity of a concurrent logic
program from various different viewpoints. Detailed def-
initions can be found in [21]. Once the ADN represen-
tation of a concurrent logic program is constructed, the
metrics can be computed easily based on the representa-
tion. The following notations are used for defining these
metrics:

¢ Du = ShaUCom U Una.
o |A|: the cardinality of set A.

) am:U(R): the selection of binary relation R
such that op=,(R) = {(v1,02)|(v1,02) €



Procedure ADN_Builder (o, ok)

input a: output po>1t10n

output ok: correctness indicator

begin
Let o = (C,7,q,k);

Sha_Com._ Depen(]en('e(a, S1,0k);

if ok then

for each pair (v,a') € 51 do

if o’ is already in Nypn

then Napy := Napn U{(o/,a)}

else
epeat
retry:
Let of = (C,i,p,1);

Push o' as a vertex into N 4pn;

Uni_Dependence(a’,S2);

for cach constructor position o € So do;
/* [ is functional = union of nets */

ADN _Builder(3, ok);

if not ok then

/* backtrack */

Remove the subnet (o' — p) from Napn;

!

o = next unexplored input position of C' containing v;

if no o' exists then return (and fail);
else exit for-loop end if; /* go to retry */

end if;

end for;
until ok

N,

o = Nanp U {(a', )}

for each /’7'_(17 i'.q, l\) € 53 do
Nanp =Ny U{(B,a)}

end for;
end if;
end for,
(else fail)
end if;
end

Figure 4: An algorithm to build the complete ADN.

R and vl = v}.

We first define some metrics for a concurrent logic
program that concerns one or more types of program
dependences in the program. These metrics can be used
to measure various complexities of a concurrent logic
program from a general viewpoint.

e M; = |Com| : This metric is the number of all pri-
mary program dependence concerning interprocess
communications in a concurrent loglc program. It
can be used to measure the complexity of interpro-
cess communications in the program.

e M, = |Uni| : This metric is the number of all pri-
mary program dependences concerning information
flows between clauses via unifications in a concur-
rent logic program. It can be used to measure the
complexity of information flows between clauses in
the program.

e M3 = |ShaU Com)| : This metric is the number of
all primary program dependences concerning infor-
mation flows inside clauses due to shared variables
in a concurrent logic program. It can be used to
measure the complexity of information flows inside
clauses of the program.

e M, = |Du| : This metric is the number of all pri-
mary program dependences in a concurrent logic
program. It can be used to measure the total com-
plexity of the program.

Example. The following example shows how to
compute the values of the metrics defined above bhased

on the ADN of a concurrent logic program. To compute
these metrics, we need to count the numbers of each
type of dependence arcs respectively or the numbers of
combination of the dependence arcs in the ADN. The
values of the metrics for the sample p106ram in Figure
1 are as follows: M; = |Com| = 8. Tni| = 24.
Ms = |ShaUCom| = |Sha|+|Com| =23 + 8 =31. M,
|Du| = |Sha U Com UUni| = |Sha| + |Com| + |Uni|
23 + 8 + 24 = 55.

In maintenance phases, when we have to modify an
argument (literal), usually, we intend to know the infor-
mation about how the modified argument (literal) in-
tersect with other arguments (literals) in the program.
This kind of information is very useful because it can tell
us if the modified argument (literal) is a special point
that connects with its environment more closely than
other arguments (literals). If so, that means it is diffi-
cult to implement changes to the argument (literal) due
to a large number of potential effects on other arguments
(literals). We call such an argument (literal) the “most
ecasily affected argument (literal)” of the program. To
capture such attribute, we can define the following met-
ric:

o M; = max{|oj=o(p, )|l € Va} : This metric
is the maximal number of arguments that an ar-
gument is somehow dependent on in a concurrent
logic program. It can be used to determine the
“ 5 . ) . N

most easily affected” argument(s) in the program.

Example. The following example shows how to
determine the “most easily affected” argument(s) in
the program based on its ADN. To do so, we should
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Figure 5: The partial ADN of the program in Figure 1 and a static slice over it.

find those vertices that contains the maximal numbers
of dependence arcs in the ADN. By investigating the
ADN in Figure 2 of the sample program in Figure 1,
we can get Ms; = max{|opjj—a, )|l € Va} = 3.
(C8,0,pop,1), (C8,0,pop,2), (C8,0,pop,4), (C8,2,=
,2), (C8,3,pop, 1), (C8,3,pop,2), (C8,3, pop,3).

As we observed, all the metrics defined above are ab-
solute metrics. In general, the larger is a metric of a
program, the more complex is the program. Moreover,
sowte relative metrics should also be considered since
they can measure the complexity of the program from
different viewpoint. These new relative metrics can eas-
ily be obtained through dividing the above metrics by
|D.| and |V4|. Some relative metrics defined by this
way are |Uni|/|Dy|, |Com|/|Dy|, |Sha U Com|/|D,],
and max{|oj=ap,)||@ € Va}/[Val

5 CLPKIDS: A Program Analysis System
for Concurrent Logic Programs

In this section, we briefly describe the CLPKIDS, a
program analysis system that supports development of
software engineering tools for concurrent logic programs.
The CLPKIDS is a prototype implementation of the tech-
niques described in previous sections. CLPKIDS is writ-
ten in C and working on UNIX. It consists of five major
components at present, that is: a mode analyzer, an
ADN builder, a program slicer, a maintenance support
tool, and a complexity measurer. In the following, we
briefly introduce those tools in CLPKIDS which have been
implemented or are being implemented. The detailed
implementation issues can be found in [23]

The mode analyzer, Manalyzer, is being imple-

mented by using the mode analysis algorithm proposed
by Krishna Rao et al. [15], and at this time the users
have to supply this information via declarations in the
prograrn.

The ADN builder, ADNbuild, uses mode informa-
tion outputted by the Manalyzer to build the sub-ADN
containing only sharing and communication dependence
arcs for each clause, and then connects these subnets via
unification dependence arcs to form the whole ADN for
the program.

The program slicer, Pslice, generates various pro-
gram slices of a source concurrent logic program. At
present, it can generate static slices by static slicer
SBslice, and static forward slices by static forward
slicer SFslice. Users of the slicer can either access slice
information for use in their programs or view the re-
sulting slicer. For a static slice, the user should input a
program, a literal and an argument. Since both SFslice
and SBslice require dependence information of the pro-
gram, they use ADNbuild.

The complexity measurer, Cmeasure, measures the
complexity of a program using various properties of
ADN as well as slices. At present this tool provides mea-
sured values of complexity of a source program based on
the information collected by the ADNbuild.

The core modules of the system consists of the pro-
gram slicer, the maintenance support tool, and the com-
plexity measurer. These modules share some common
features: directly (indirectly) depending on program de-
pendence information outputted by the ADN builder
ADNbuilder and also depending on the information of
slices produced by the program slicer Pslice. These
common features allow the analysis performed in an
unified framework that simplifies the implementation of



the algorithms. In the next step we intend to extend
our system for containing more components such as a
graph viewer to display the ADN virtually. We also in-
tend to develop a mechanism to gather the information
produced by the mode analyzer, the ADN builder, and
the program slicer and put them into an information
database where system’s users can freely access such
information from the database to develop some useful
analysis tools for their own purposes.

6 Conclusions

We have proposed a program dependence model for
concurrent logic programs. We have presented three
types of primary program dependences named the shar-
ing dependence, communication dependence, and unifi-
cation dependence between arguments in a concurrent
logic program and a dependence-based representation
named the argument dependence net (ADN), which ex-
plicitly represents all primary program dependences in a
concurrent logic program. We also discussed some appli-
cations of the ADN for developing software engineering
tools of concurrent logic programs. Finally, we briefly
introduced a program analysis system called CLPKIDS
for concurrent logic programs, which is a prototype im-
plementation of the techniques introduced in this paper.
Although here we presented the program dependences
and the representation in terms of KL1, other versions
for this approach for more complex concurrent logic lan-
guages are easily adaptable because they share their ba-
sic execution mechanisms with KLL1. The next step for
us is to perform some experiments and collect data for
evaluating our dependence analysis technique.
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